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INTRODUCTION
Investigation of phase fluctuations of radiowaves in the atmosphere is stimulated by development of interferometric methods of natural and artificial objects' observation. Measurements of correlation lengths of refraction coefficient of the ionosphere using refractometer in both vertical and horizontal directions points out to anisotropy of inhomogeneities in the ionosphere. The irregularities have a variety of sizes and usually are elongated along the magnetic field direction. It has been found that small ( ≤ 10 km) F region irregularities are highly elongated along the direction of the magnetic field and large anisotropy could be also expected in case of certain types of plane waves propagating in the ionosphere. On the other hand, large irregularities (≥ 10 km) may be only weakly anisotropic. Experimental observation of satellite signals shows that a power-law spectrum of ionospheric irregularities gives a better agreement to the data than Gaussian spectrum. The difference between the power-law and Gaussian wavenumber spectra is significant, since different scintillation spectral shapes give different scintillation levels and fluctuation rates. Statistical characteristics of the spatial spectrum of radiation scattered on anisotropic electron density fluctuations for anisotropic Gaussian correlation function have been investigated in [1, 2] . The present paper reports the results of analysis of the angular power spectrum for power law spectrum of electron density fluctuations in the F region of the ionosphere.
FORMULATION OF THE PROBLEM
The irregular plasma structure in the scattering medium imposes a random phase on the transmitted radio wave. Analytical expression for correlation function of phase fluctuations of scattered EM waves in a turbulent magnetized collision plasma taking into account both electron density and magnetic field fluctuations has been obtained in [1, 2] using geometrical optic approximation. We will suppose that magnetic field fluctuations in F region of the ionosphere are weaker than electron density fluctuations and therefore, we will utilize autocorrelation function of the phase [1, 2]
Here σ 2 N ≡< N 2 1 > /N 2 0 is the variances of electron density fluctuations, angular brackets denote the statistical average; W N (κ x , κ y , κ z ) is the 3D spatial power spectrum of the electron density fluctuations, κ z is the spatial wavenumber component parallel to the geomagnetic field, κ y is a wavenumber component in direction of cross-field elongation of irregularities, z is the distance the
real η , µ , ε and imaginary η , µ , ε components can be easily restored from components of second rank tensor (geomagnetic field is directed along Z-axis and XY plane, which represents the boundary between vacuum and turbulent magnetized plasma) [3] :
and complex refractive index of cold collision magnetized plasma [3] :
Signs "+" and "−" refer to the ordinary and extraordinary waves, respectively; ae is absorption coefficient, θ is an angle between the direction of wave propagation k and the geomagnetic field
, f is wave frequency, e is electron charge, m is electron mass, c is the light velocity, N and H are functions of the spatial coordinates. k 0 = ω/c is the wavenumber. We assume that: frequency of the incident wave exceeds plasma frequency; the wavelength is much smaller than the characteristic size of the irregularities. These assumptions enable us to utilize the method of geometrical optics approximation and ignore the interaction between the normal waves. Expression (1) is quite general and could be applied to other types of irregularities in the ionosphere or inter-planetary space.
The Power-law Spectrum
Measurements of satellite's signal parameters passing through ionospheric layer and measurements aboard of satellite show that in F region of the ionosphere inhomogeneities have power law spectrum with different spatial scales. Observations suggest that the power law spectrum is believed to be the most suitable model of ionospheric irregularities. We will utilize anisotropic power law spectrum of electron density fluctuations for definition of effects caused by large-scale inhomogeneities of the ionosphere. High latitude irregularities are known to be strongly anisotropic [4] . Therefore we shall use a model of 3D anisotropic power law spectrum of irregularities elongated in the direction of geomagnetic field. A generalized correlation function for power-law spectrum by a power-law index p for electron density irregularities has been proposed in [5] . The corresponding spectral function is:
where σ 2 N is a variance of electron density fluctuations, K v (x) is the modified Bessel function, r 0 is the inner scale of turbulence, L 0 = 2π/k 0 is the outer scale and, as usual, it is supposed that k 0 r 0 << 1. In the interval of wavenumber k 0 r 0 << kr 0 << 1 spatial spectrum has the power law form [5] :
Anisotropic case of the spectrum (5) was considered in [6] . Utilizing functional expression for the gamma function Γ [7] Γ(z)Γ(1 − z) = π/ sin(πz) instead of L 0 we introduce two spatial correlation lengths of electron density fluctuation || and ⊥ ( || is the scale size of relative elongated irregularities in the direction of geomagnetic field vector B, ⊥ is relative elongation of irregularities in a plane perpendicular to the geomagnetic field). Further we will utilize spatial power law spectrum:
here χ = || / ⊥ is the anisotropy factor, p > 3. Experimental investigations of Doppler frequency shift of ionospheric signal show that index of the power law spectrum of electron density fluctuations in ionospheric plasma is in the range of 3.8 ≤ p ≤ 4.6. Experimental value of the power law spectrum of the ionosphere (<p>≈ 4), measured by translucence of the ionosphere by satellite signals [8] , is within the limits of p. Experimental investigation of the artificially disturbed ionospheric region by high power HF radio waves based on the reception of backscattered signals shows that a lot of artificial ionospheric irregularities of the electron density are stretched along the geomagnetic field. Power-law spectral index was equal to p = 1.4 ÷ 4.8 in different heating sessions in the probe wave frequency range of 2.6 ÷ 6 MHz using "Sura" heating facility in the frequency range of 4.7 ÷ 9 MHz (ordinary mode) with the effective radiated power 50 ÷ 70 MW beamed vertically upwards [9] .
Statistical Characteristics of Correlation Function of the Phase and the Angular Spectrum
The phase scintillations are often not measured directly, but rather as a difference of scintillations at two points separated by a distance ρ y . For simplicity we will consider two interferometers in mutually perpendicular directions perpendicular to the radio path. Setting (6) into (1), taking into account smallness of the parameter a and expanding into the series the exponential term, correlation function of the phase has the form:
The variance of correlation function of the phase at p > 3 is given by the following expression:
Knowledge of the correlation function of the phase (1) allows us to calculate the broadening of the angular spectrum of scattered EM waves by electron density fluctuations in turbulent magnetized collisional plasma utilizing well-known expression [1, 10] 
, Integration at p > 3 yields:
Broadening of the angular spectrum in the main plane is equal to (
Hence, spatial spectrum of scattered radiation in the main plane is narrowing with an increase of anisotropy factor χ .
The angle-of-arrival variations are simply related to the phase variations using ray-optics method. Utilizing general expression of the angle of arrival of scattered radiation, caused due to electron density fluctuations [2] we have:
It could be shown that in case of weak absorption, aκ y z << 1, for the power-law spectrum (6) the main contribution in (10) give first and second terms. As a result, formula (10) could be expressed through the normalized broadening of the angular power spectrum < g 2 >= < k 2 x > +cos θ < k 2 y > /k 2 0 . 
Numerical calculations
Calculations have been carried out for F layer of the ionosphere assuming a power-law spectrum at a height 280 km, k 0 || = 10 4 , σ 2 N = 10 −4 [11] z/ || = 1.5. Figure 1 shows that normalized correlation function of the phase (NCF) of electron density fluctuations decreases in proportion to a distance ρ y normalized on the longitudinal scale size of relative elongated irregularities || at θ = 10 0 with an index of p = 4. Calculations show that curve smoothly decreases in isotropic case (χ = 1). At small distance of ρ y / || the curves of NCF sharply decrease inversely proportional to the factor of anisotropy. Figure 2 illustrates the dependence of the NCF versus parameter of anisotropy χ. With increasing of the angle of refraction θ with respect to the external magnetic field, NCF decreases and beginning from χ = 13 tends to saturation (for θ = 100). Anisotropy of electron density inhomogeneities has a substantially effect on the broadening of the angular spectrum of scattered EM waves. Figures 3 and 4 illustrates the broadening of the spatial spectrum at different angles of refraction θ = 10 0 , 15 0 , , 20 0 . Firstly, angular power spectrum of scattered radiation is increasing and then smoothly decreases in proportion to the anisotropy factor of inhomogeneities χ. The reason is that in geometrical optics approximation, in non-absorbing media (neglecting fluctuations) when both amplitude and phase S are real quantities, vector of energy-flux density and vector ∇S are collinear and directed to the normal to the phase front, while in absorptive media the directions of wave propagation ∇S 1 and the direction of fastest dumping of the wave ∇S 2 are not coincided [1] . In particular, in XOZ plane, if θ = 10 0 normalized broadening reaches its maximum at χ = 8; if θ = 15 0 at χ = 5; if θ = 20 0 at χ = 4; in the main plane Y OZ if θ = 10 0 normalized broadening reaches its maximum at χ = 5, if θ = 15 0 at χ = 3, if θ = 20 0 at χ = 2. Using the data σ 2 N = 10 −12 , z/ || = 70 [12] , at p = 4.5 and χ = 5 the angle-of-arrival < g 2 > in the XOZ plane at θ = 5 0 , 10 0 , 15 0 is equal to 0.12 , 0.09 , 0.06 , respectively; in Y OZ plane at θ = 5 0 , 10 0 , 15 0 we have 0.11 , 0.06 , 0.04 , respectively, which is in a good agreement with [12] .
